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Abstract. We present a new version of the Monte Carlo event generator ReneSANCe. The
generator takes into account complete one-loop electroweak (EW) corrections, higher order QED
corrections in the leading logarithm (LL) approximation and some higher order EW corrections
to processes at ete™ colliders with finite particle masses and arbitrary polarizations of initial
and final particles. ReneSANCe can produce events in the full phase space and this option is
available for a wide range of center-of-mass energies.

1. Introduction
Renewed SANC Monte Carlo event generator (ReneSANCe) [1] simulates processes at ete™
colliders. The following processes are fully implemented:

e Bhabha scattering (eTe™ — e~e™) [2],
e Higgs-strahlung (ete™ — ZH) [3, 4],
e s-channel annihilation (ete™ — p~u™, 77771) [5].

The generator is based on the SANC modules [6] which contain complete one-loop and some
higher-order electroweak radiative corrections. Polarization and masses of all particle can be
taken into account. The generator efficiently operates in collinear regions and in a wide range
of center-of-mass energies. Other processes can be easily added.

2. The SANC framework and products

The SANC framework is organized in the way shown in 1. The calculation of the virtual diagrams
has been performed in the unitary gauge and R¢ gauge using dimensional regularization.
The diagrams were evaluated by means of FORM [7]. Tensor integrals have been reduced to
linear combinations of a fundamental set of scalar integrals in terms of the standard scalar
Passarino-Veltman functions. The obligatory checks were of the type the gauge invariance by
eliminating the dependence on the gauge parameters, cancellation of ultraviolet poles, checking
various symmetry properties and the Ward identities. Covariant amplitudes and form factors
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of ffob — 0, 4b — 0, and 4f — 0, where f is a fermion and b is a boson, type processes are
calculated analytically for the case of anihilation into vacuum. Helicity amplitudes obtained
using internal procedures of the SANC system. The latter are translated to FORTRAN modules for
specific processes with NLO EW and QCD corrections. The modules are utilizing LoopTools [8]
and SANC1ib packages for loop integral evaluations.

Analytical FORM ]
[ M [ External MC codes ]
expressions
] ) ReneSANC t
LoopTools FORTRAN modules SIS (JO(E s
i MCSANC [9, 10]
SANC1ib EW, QCD :
g ) integrator

Figure 1. The SANC framework.

3. Polarization
A state with arbitrary polarizations of the initial et and e~ can be described by polarization
vectors

—

P+ = (fysinfycosoy, frsinfhysinpy,+f1 cosby),

where fi € [0;1] are polarization degrees, 61 € [0;7] are polar angles, and ¢4 € [0;27] are
azimuthal angles (figure 2).

Figure 2. Polarization vectors.

The matrix element squared for a process with initial e™ and e~ can be written as

2 _ E : et e~ *
|M| = ,0)\ Az ,0/\ 7)\/77'[)\ +>‘—H)\/ )\/7
12 12 €+ €+ e e € € €+ e
)\€+ )\P_ /\P+ )\e_
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with helicity density matrices

o+ 1+P,  Pheile+=9N 1+ P —PLeiéo-=9)
P = 1/2 <Pé_‘~.€i(¢f—¢) 1— P”+ y P= 1/2 _PeJ:e—i(?;L—qb) 1—p" :

Here P!, = & f4 cosfx, P; = f+sinfy, and H, LA are helicity amplitudes for a process with

initial eT and e~.

4. Cross section at one-loop level
The cross section of processes at the one-loop level can be divided into four parts:

Ul-loop — O_Born + O_Virt()\) + O'SOft(A,w) + O,hard(w)7

Born virt soft

where o is the Born level cross section, o¥"™" is the virtual (loop) contribution, o*°'* is soft
photon bremsstrahlung one, and "4 is hard photon bremsstrahlung one (with energy E, > w).
The auxiliary parameters A ("photon mass”) and w (an arbitrary soft cut-off) are disposed of

after summation.

5. Higher order improvements
Higher order improvements get added through the Ap parameter: s2, — 52, = s2, + Ap c2,.
At the two-loop level, the quantity Ap contains two contributions:

200 (Mg)

Ap = N.X; [1+p<2> (M3 /m3) Xt} {1 — (r* +3)],

where X; = v/2Grm?/(1672).
The master formula for ISR corrections in the LL approximation:

1 1
ULLA = /dxl/d$2Dee(x1)Dee(x2)o—0($la$27S)G(Cuts)7
0 0

where og(x1, 2, s) is the Born level cross section of the annihilation process with reduced energies
of the incoming particles. De.(x) is the probability density for an electron with an energy fraction
z to be found in the initial particle.

Dee(x) = Dze(.%) + ngir(x),
« le% 2
Dl(2) = (1 = ) + 5 (L= )PV (z) + (%(L _ 1)) %p@)(:ﬁ)

Ho@-1) 5P + (e -1) 5PV +0L?),
Do) = (o2) [ 3P0 + 3ulo)
+ (%L)B Bp@) () + %P(l)(x) + %Rp(:c) _ ;Rs(x)] + Ot LY.

We can separate pair corrections into singlet (~ R;,) and non-singlet ones (~ P(™), taking
into account both by default. The large logarithm is L = In(s/m?), where /s is chosen as
factorization scale.
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6. Code structure
The ReneSANCe is written as a set of modules (figure 3). We use a version of 1ibucl for program
settings management and store actual settings as a ’key’:’value’ map. The work with command
line is done using header only library CLI11. After all the settings are merged together, they
are checked to be valid according to the YAML Schema files, which describe data format and
provide clear human- and machine-readable documentation. If any error is found, the program is
terminated with the corresponding error message. Then the Info class calculates all the derived
parameters and initializes SANC modules.

For generating unweighted events, according to the differential cross section, and calculating
the total integral we use an adaptive algorithm mFOAM [11] that is a part of ROOT [12] program.

[ cl Settings ]7 read /validate preferences

AV4 ( . )

calculate derived
[ cl Info ]7
parameters, store results

AV4
[ 1ibSANC, SANC modules ]—[ calculate matrix element ]

-~ ( grid construction & |
[ EOULE ETD ] phase-space sampling

- i ite events: root, LHEF |
[ cl DataSaver, utilities ]7 WILe events: Toos, T

& analyse

Figure 3. Code structure.

7. Some results

In table 1 and table 2 we present the Born and one-loop cross sections and relative corrections
§ = olloop /gBorn 1 for different polarizations. In figure 4 we show distributions in cos 6 for
left-right asymmetry Apr = (orL — oLr)/(0RL + OLR)-

Table 1. Cross sections and relative corrections at /s = 250 GeV for ete™ — e~ et[2] and
ete” — ZH|[3].

P+ P P pb o °® 5% oBU pb oy g? 6zm.%
0 0  56.676(1) 61.73(1) 8.9(1) 225.59(1) 206.77(1) —8.3(1)
0 —0.8 57.774(1) 62.59(1) 8.3(1) 266.05(1) 223.33(2) —16.1(1)
—0.6 —0.8 56.273(1) 61.88(1) 10.0(1) 127.42(1) 111.67(2) —12.4(1)
0.6 —0.8 59.275(1) 63.29(1) 6.8(1) 404.69(1) 334.99(1) —17.2(1)
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Table 2. Cross sections and relative corrections at /s = 250 GeV for ete™ — p~u™[5].

1-loo
P. P, 05921+’fb e S/

0 0  1653.7(1) 4534(1) 174.2(1)
0 —0.8 1804.0(1) (1) 172.9(1)
0.3 —0.8 2257.2(1) 6115(1) 170.9(1)

(1) (1) (1)

—-0.3 —0.8 1844.0(1 173.7(1

£0.16F B 5024
. o orn I<
< 014b JM Toop < 0'225_ Vs = 250 GeV
Ff 0.2
0.12F k — Bom
FJ 0.18F~, — - 1-loop 250
0.1 0 16:—"‘ -:== 1-loop 500
0.08F : - 1-loop 1000
0.06)-
0.04F ] N
0.02} - E
T 0.08F .
O 1 1 | 1 1 1 1 1 OOS: L L | | L L | I L
-1-0.8-0.6-04-02 0 0.2 04 06 0.8 1 ~=1-0.8-0.6-04-02 0 02 04 06 08 1 1 -08 06 -04 02 0 02 04 06 08 1
cos(8) cos 6, cosby
(a) (b) (c)

Figure 4. Apr at /s = 250 GeV for (a) efe™ — e e[2], (b) efe” — ZH[3] and (c)
ete™ — ppt[s].

8. Conclusions

New version v1.2.1 of Monte Carlo event generator ReneSANCe is released. It can produce
events with unit weights in ROOT and LHE formats taking into account initial and
final state polarization, complete one-loop EW and LL QED corrections. Currently the
processes ete” — e“et, u T, 777", ZH are fully implemented. The code is available at
http://sanc.jinr.ru/download.php and at https://renesance.hepforge.org.
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